The encoding of auditory information with indefatigable precision requires efficient resupply of vesicles at inner hair cell (IHC) ribbon synapses. Otoferlin, a transmembrane protein responsible for deafness in DFNB9 families, has been postulated to act as a calcium sensor for exocytosis as well as to be involved in rapid vesicle replenishment of IHCs. However, the molecular basis of vesicle recycling in IHCs is largely unknown. In the present study, we used high-resolution liquid chromatography coupled with mass spectrometry to copurify otoferlin interaction partners in the mammalian cochlea. We identified multiple subunits of the adaptor protein complex AP-2 (CLAP), an essential component of clathrin-mediated endocytosis, as binding partners of otoferlin in rats and mice. The interaction between otoferlin and AP-2 was confirmed by coimmunoprecipitation. We also found that AP-2 interacts with myosin VI, another otoferlin binding partner important for clathrin-mediated endocytosis (CME). The expression of AP-2 in IHCs was verified by reverse transcription PCR. Confocal microscopy experiments revealed that the expression of AP-2 and its colocalization with otoferlin is confined to mature IHCs. When CME was inhibited by blocking dynamin action, real-time changes in membrane capacitance showed impaired synaptic vesicle replenishment in mature but not immature IHCs. We suggest that an otoferlin-AP-2 interaction drives Ca 2ϩ -and stimulus-dependent compensating CME in mature IHCs.
Introduction
Dysfunction of otoferlin, a multi-C2 domain protein that acts as a calcium sensor in cochlear inner hair cells (IHCs), is responsible for auditory neuropathy/dyssynchrony (Varga et al., 2003) and various forms of autosomal recessive deafness DFNB9 (Yasunaga et al., 1999 (Yasunaga et al., , 2000 Mirghomizadeh et al., 2002; Varga et al., 2003) . Structural and functional similarities between otoferlin and synaptotagmin-1 (Syt1), including their Ca 2ϩ -dependent interaction with syntaxin-1, SNAP-25, and Ca V 1.3 Ca 2ϩ channels, suggested that otoferlin may act as a Syt1-like calcium sensor for fusion (Roux et al., 2006; Ramakrishnan et al., 2009; Baig et al., 2011) . Consistent with this function, otoferlin regulates SNAREmediated membrane fusion in vitro (Johnson and Chapman, 2010) and is required for hair cell synaptic vesicle exocytosis (Roux et al., 2006) . Despite that in otoferlin-deficient mice IHC exocytosis is nearly abolished (Roux et al., 2006) , immature IHCs express several synaptotagmins (Beurg et al., 2010; Johnson et al., 2010) and do not seem to require otoferlin for transmitter release during early stages of development (Beurg et al., 2010) . Also, in mature IHCs from a mouse model of human deafness DFNB9, which show a large reduction in the expression of otoferlin, the rapid replenishment of the readily releasable pool (RRP) was impaired, but not the ability to fuse synaptic vesicles (Pangršič et al., 2010) . In addition, reduced synaptic vesicle replenishment of the secondary releasable pool (SRP) was observed in IHCs from hypothyroid rats, which show suppressed otoferlin expression due to the presence of immature-type cells in adult cochlea (Uziel et al., 1983) . To explain the molecular mechanism underlying the role of otoferlin in both vesicle fusion and replenishment of the RRP, a mechanism involving clearance of vesicles from active release sites has recently been proposed (Pangršič et al., 2012) . Clearance of vesicles from a readily retrievable vesicle pool at active release sites was shown to occur through a first wave of clathrin-mediated endocytosis (CME; Hua et al., 2011) , which is a form of vesicle retrieval previously thought to be too slow for endocytosis in IHCs.
Using high-resolution liquid chromatography coupled with mass spectrometry (MS), we have identified subunits of the adaptor protein complex 2 (AP-2), which are crucial components of CME (for review, see Hirst and Robinson, 1998) and are otoferlin interaction partners. Coimmunoprecipitation assays, in combination with fluorescence microscopy, confirmed the interaction of otoferlin and AP-2 in mature IHCs. Measurements of realtime changes in membrane capacitance in immature and mature IHCs suggested that a clathrin/AP-2-dependent endocytosis process is crucial for sustained endocytosis in mature but not immature IHCs. We propose that otoferlin may recruit AP-2/CME only after hearing onset. This would explain how otoferlin, in addition to its function in RRP clearance (Pangršič et al., 2012) , could contribute to the efficient Ca 2ϩ -regulated vesicle resupply (Griesinger et al., 2005; Levic et al., 2011) , which is crucial to sustain the indefatigable properties of mature IHCs (Griesinger et al., 2005; Schnee et al., 2011) .
Materials and Methods
Animals. Wistar rats and NMRI mice (Charles River) of either sex were used in this study. Hypothyroidism in rats was induced by treatment with methyl-mercapto-imidazol as described previously Friauf et al., 2008) . Care and use of the animals as well as the experimental protocol were reviewed and approved by the animal welfare commissioner and the regional board for scientific animal experiments in Tü bingen.
Tissue preparation. For immunohistochemistry, cochleae were isolated, dissected, cryosectioned at 10 m, and mounted on SuperFrost*/ plus microscope slides at Ϫ20°C as described previously . For whole-mount immunohistochemistry, the temporal bone of mature mouse was dissected on ice and immediately fixed using Zamboni's fixative (Stefanini et al., 1967) containing picric acid by infusion through the round and oval window and incubated for 15 min on ice, followed by rinsing with PBS and dissection of cochlear turns. Cochlear whole mounts were transferred to slides and, for further immunohistochemical labeling, attached to the surface using Cell-Tak (BD Bioscience). For RNA and protein isolation, cochleae and brains were dissected, immediately frozen in liquid nitrogen, and stored at Ϫ80°C before use.
Preparative affinity purification. Total cochleae (600) isolated from adult rat and mice were ground in liquid nitrogen and suspended in 10 ml lysis buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM iodoacetamide and protease inhibitors) using a Dounce homogenizer (tight pestle). After centrifugation for 3 min at 800 ϫ g, the pellet was resuspended in 10 ml lysis buffer and centrifuged as before. The combined supernatants were then subjected to ultracentrifugation for 20 min at 150,000 ϫ g and the resulting membrane pellet resuspended in 1 ml lysis buffer (8 mg protein/ml), shock frozen in liquid nitrogen, and stored at Ϫ80°C. For solubilization, 2 mg of membrane was resuspended in 2 ml Complexio Lyte (CL) detergent buffers (Logopharm; supplemented with protease inhibitors), CL-48 (rat) and CL-99 (mouse), incubated for 30 min at 4°C and ultracentrifuged at 150,000 ϫ g for 10 min. Cleared solubilisates were incubated for 2 h with 25 g of immobilized anti-otoferlin antibody (Schug et al., 2006) or pre-immunization IgG as background control. After two rounds of washing with the respective solubilization buffer, bound proteins were eluted with 1ϫ nonreducing Laemmli buffer. Aliquots of each step were taken and subjected to denaturing SDS-PAGE/Western blot analysis to determine yields (self-cast mini-gels, Mini Protean 3 system; Bio-Rad; see Fig. 1B) .
Mass spectrometric analysis. Samples obtained from affinity purifications were supplemented with 100 mM dithiothreitol, shortly run by SDS-PAGE gels, and the proteins visualized by silver staining. Gel lanes were then excised and in-gel digested with trypsin following a standard procedure (Pandey et al., 2000) . Extracted peptides dissolved in 0.5% trifluoroacetic acid were loaded on a precolumn (C18 PepMap100, 5 mm; Dionex) of an UltiMate 3000 HPLC (Dionex), and an aqueous organic gradient was then applied for elution and separation of peptides (75 mm column packed with C18 beads), which were directly electrosprayed into an LTQ-FT or Orbitrap-XL mass spectrometer (Thermo Scientific; ion source: Proxeon) as described in . Fragment (MS/MS) spectra were acquired after cycles of Fourier transform mass spectrum (FT-MS) full scans in data-dependent mode with dynamic exclusion (30 s) enabled. Extracted MS/MS spectra were searched against the UniProt knowledge base (mouse, rat, human, release 2012_05) using Mascot (version 2.3.01; Matrix Science). We allowed common variable modifications and one missed tryptic cleavage; peptide tolerance was 5 ppm and MS/MS tolerance was 0.8 Da. Proteins that were identified by only one specific MS/MS spectrum or represented exogenous contaminations like keratins, trypsin, or immunoglobulins as well as proteins of mitochondrial and nuclear/ribosomal origin were not considered for further evaluation. Quantitative evaluation was performed using msInspect (Computational Proteomics Laboratory, Fred Hutchinson Cancer Research Center, Seattle, WA) as well as home-made software. First, m/z signal intensities corresponding to an individual eluting peptide were integrated over time (i.e., across consecutive FT-MS spectra; Fig. 1A , step 7) to obtain its peak volume (PV) as a proportional measure of this peptide's abundance. Relative amounts of proteins were then calculated based on the PVs of selected protein (isoform)-specific peptides using the TopCorr method detailed in (Bildl et al., 2012) . Accordingly, the enrichment of a protein was calculated as median of the respective peptide PV ratios in affinity capture sample (AC) versus IgG control (rPV). At least two peptides with assigned PVs of 100,000 volume units were required to ensure validity; if no PV could be assigned to a peptide in the corresponding IgG control, the detection limit of the spectrometer (3000 volume units) was used as a minimum estimate. Proteins were regarded as specifically (co)purified when their rPV values were Ͼ10 (Fig. 1C) .
mRNA isolation and reverse transcription-PCR. For reverse transcription (RT)-PCR analysis, mRNA from rat cochlea was isolated as described previously (Heidrych et al., 2008 (Heidrych et al., , 2009 ). For single cell RT-PCR analysis, mouse IHCs were collected with micropipettes (Knirsch et al., 2007) and frozen in liquid nitrogen. For RT-PCR analysis of brain tissue, mRNA was extracted using the Qiagen RNeasy Kit according to the manufacturer's instructions. cDNA synthesis was performed using the iScriptcDNA synthesis kit. For amplification of specific fragments of the different AP-2 subunits using RT-PCR, the following oligonucleotides were used (5Ј to 3Ј): Ap2a2, CCTTGGTCTGCCTATCGTGT and TGGGCTGGGACATTACTGAT (amplified length 232 bp); Ap2b1, CGCTCCTTCACCTACTCCTG and GTGAGTAAACGTCCCCGAAA (163 bp); Ap2m1, GCAAAATCAGCGAGGAGAAC and TTTCAT-CAGCTGTGCCTTTG (417 bp); and Ap2s1, CAGTTCGATGACGAC-GAGAA and CCAGGTCCAGTTCACAGACA (247 bp). As control, GAPDH was used and TCTACTGGCGTCTTCACCA and AGGAGA-CAACCTGGTCCTCAGT (550 bp). The resulting PCR products were analyzed on ethidium bromide agarose gels.
Protein isolation and analytical coimmunoprecipitation. Adult rat cochlear tissue and brains were used for Western blotting and analytical coimmunoprecipitation (co-IP). Protein isolation and co-IP was performed as described before (Schug et al., 2006; Heidrych et al., 2008 Heidrych et al., , 2009 ). AP-2 was immunoprecipitated using 2.5 g of mouse anti-AP-2 antibody (BD Biosciences), whereas otoferlin was immunoprecipitated using 2.5-5 g polyclonal rabbit anti-otoferlin antibody (Schug et al., 2006) . To confirm expression of the relevant proteins in cell lysates used for the co-IP, a control of 30 g of cell lysate was run in a separate lane (input). To ensure that the proteins were not producing false positive results by binding to the beads, we ran a bead control containing lysates plus beads without antibody. Electrophoresis and Western blotting for protein analysis was performed as described previously (Heidrych et al., 2008 (Heidrych et al., , 2009 .
Immunohistochemistry. Immunohistochemistry on cochlear sections (Heidrych et al., 2009 ) and on whole-mount preparation was performed as described before. Antibodies directed against AP-2 (mouse, adaptin ␣; BD Biosciences), myosin VI (rabbit; Santa Cruz Biotechnology), otoferlin (rabbit, Schug et al., 2006; mouse, Abcam) , and CtBP2 (rabbit; Cell Application) were used. Primary antibodies were detected with Cy3-conjugated (Jackson ImmunoResearch) or Alexa Fluor 488-conjugated secondary antibodies (Invitrogen). Sections were viewed using an Olympus BX61 microscope equipped with epifluorescence illumination. Images were acquired using a CCD camera and analyzed with cellSens software (Olympus Soft Imaging Solutions; OSIS). IHCs were imaged over a distance of 8 m in an image stack along the z-axis (z-stack; z-stacks consisted of 30 layers with a z-increment of 0.276 m) and three-dimensionally deconvoluted using cellSens ADVMLE deconvolution algorithm (OSIS) to reach confocal-like resolution. Immunohistochemical staining was performed on at least three different sets of animals. Raw data for the analysis of relative intensity for single layers of the displayed z-stacks were derived using cellSens' line profiling tool (OSIS). Data for the intensity profiles shown in Figures 2 and 5 were normalized to the maximum of the relative intensity separately for each fluorochrome. Similarity of intensity profiles of fluorochromes was judged by Pearson correlation.
Electrophysiology. Apical coil mouse IHCs were studied in acutely dissected organs of Corti from postnatal day 4 to 7 (P4 to P7) and P11 to P17. Animals were killed by cervical dislocation in accordance with UK Home Office regulations. Cochleae were dissected as previously described in normal extracellular solution containing the following (in mM): 135 NaCl, 5.8 KCl, 1.3 CaCl 2 , 0.9 MgCl 2 , 0.7 NaH 2 PO 4 , 5.6 D-glucose, 10 HEPES-NaOH, 2 sodium pyruvate, amino acids, and vitamins (pH 7.48; osmolality ϳ308 mmol kg Ϫ1 ). The pipette intracellular solution contained the following (in mM): 106 Csglutamate, 20 CsCl, 3 MgCl 2 , 1 EGTA-CsOH, 5 Na 2 ATP, 0.3 Na 2 GTP, 5 HEPES-CsOH, 10 Na 2 -phosphocreatine (pH 7.3; osmolarity ϳ294 mmol kg Ϫ1 ). Patch pipettes were coated with surfwax (Mr. Zog's Sex Wax) to minimize the fast patch pipette capacitance transient. All recordings were performed near body temperature (35Ϫ37°C) and in the presence of 30 mM tetraethylammonium and 15 mM 4-AP (Fluka) and linopirdine (80 -100 M; Tocris Bioscience) to block the K ϩ currents . Data were recorded using an Optopatch amplifier (Cairn Research). Data acquisition was controlled by pClamp software using the Digidata 1322A board (Molecular Devices). Real-time changes in membrane capacitance (⌬C m ) were measured using the Optopatch as previously described (Johnson et al., 2005 (Johnson et al., , 2009 . To examine the effect of dynamin on endocytosis, hair cells were superfused for at least 10 min before recording with the dynamin-1 and dynamin-2-specific blocker dynasore (dynasore hydrate; Sigma-Aldrich), which was also present throughout the recordings. Dynasore was dissolved in dimethylsulfoxide for stock solution (10 mM). For experiments, working solution containing 100 M dynasore in the extracellular solution was acutely prepared.
Statistical analysis. Statistical comparisons of means were made by a Student's two-tailed t test for the time constant of endocytosis and by two-way ANOVA, followed by the Bonferroni post-test. Unless otherwise specified, mean values are quoted Ϯ SEM and p Ͻ 0.05 indicates statistical significance.
Results
To identify potential interaction partners of otoferlin in the cochlea, we set up a functional proteomic screen combining immuno-affinity capture (AC) with tandem MS (Fig. 1A) . Membranes prepared from rat and mouse cochleae were used as starting materials and tested first for conditions that effectively solubilize otoferlin protein. As shown in Figure 1B , two detergent buffers were previously applied to isolate membrane protein complexes (CL-48; Berkefeld et al., 2006) and tested for the identification of interactions with cytoskeletal proteins (CL-99; Sharif-Naeini et al., 2009), which were used to quantitatively solubilize otoferlin from rat and mouse. These solubilisates were then subjected to affinity purification using an immobilized antiotoferlin antibody with pre-immune IgG as control (Schug et al., 2006) resulting in two AC datasets. Western blot analysis demonstrated that otoferlin ACs were effective (although not depleting) and specific with respect to IgG control as shown in Figure  1B , mouse cochlea/CL-99; lane E versus C. Eluates from both ACs were then subjected to high-resolution liquid chromatography-MS/MS (LC-MS/MS) and evaluated as previously described Bildl et al., 2012) . These MS analyses confirmed that otoferlin was effectively and specifically purified: 53 (rat) and 52 (mouse) otoferlin-specific peptides were identified, corresponding to relative primary sequence coverage of 41.5 and 40.6%, respectively (data not shown), whereas no otoferlin peptides were detected in the IgG controls. To filter for biochemically robust interaction partners, proteins that were identified in both datasets (Table 1) were quantitatively evaluated using a label-free, PV-based method that offers an extended linear dynamic range (TopCorr method; Bildl et al., 2012; see Materials and Methods). Specificity and consistency of copurification for these proteins was determined by their enrichment in both ACs versus the corresponding IgG controls. Figure 1C shows the result as a 2D rPV plot of the 45 proteins considered specifically purified (rPV Ͼ 10) under both conditions (Table 1) together with otoferlin. Three of these proteins represented subunits of the AP-2 complex, namely ␣ (AP2A2), ␤ (AP2B1) and (AP2M1). The AP-2 -subunit (AP2S1) was also identified but did not yield sufficient m/z signals for reliable quantification (data not shown).
We then analyzed the expression of AP-2 at the transcriptional level of mature animals using RT-PCR with RNA from whole rat cochlea (P20) or isolated mouse IHCs (P26) to confirm coexpression with otoferlin. The amplification products of Ap2a2, Ap2b1, Ap2m1, and Ap2s1 with the appropriate size were found in the mature cochlea (Fig. 1D) . Moreover, the two larger subunits Ap2a2 and Ap2b1 could be amplified in isolated IHCs of the mature cochlea (Fig. 1E) .
Using the anti-otoferlin antibody in combination with a monoclonal mouse anti-AP-2 antibody, high-resolution deconvolution fluorescence microscopy revealed a profound AP-2 labeling in mature IHCs (P19) that largely colocalized with otoferlin in the apical and in the basal pole of IHCs ( Fig. 2A ). Higher magnification (Fig. 2B-D) and relative pixel intensity profiles ( Fig. 2E-G) derived from the fluorescent signals in Figure  2 , B-D, showed several coinciding intensity maxima of AP-2 and otoferlin staining on the supranuclear level (Fig. 2 B, E, Pearson correlation coefficient, PCC ϭ 0.562), the basal pole region (Fig.  2C ,F, PCC ϭ 0.583), and in a vertical section from apex to base of an IHC (Fig. 2 D, G , PCC ϭ 0.694). This localization profile was consistently found in mature IHCs without differences along the tonotopic axis in three biological replicates. In immature (P5) IHCs, prepared and immunostained as a whole-mount preparation at the same day and analyzed with fluorescence microscopy under similar conditions, otoferlin was expressed at a much lower level than in the mature IHC, confirming previous observations (Roux et al., 2006; Beurg et al., 2010) . Also, AP-2 was found to be much less expressed at P5 (Fig. 2H ) compared with mature (P19) IHCs.
Interestingly, in hypothyroid rat IHCs (P19), previously shown to lack otoferlin and to exhibit impaired replenishment of SRP , expression of AP-2 was also not detectable (Fig. 2I, hypo) . In control animals, AP-2-positive staining was found in close association with the ribbon marker CtBP2. Unlike AP-2 under hypothyroid conditions, CtBP2 was expressed in the absence of TH (Fig. 2J) . Specificity of the AP-2 antibody was demonstrated by omitting the primary AP-2 antibody (Fig. 2K) .
Aiming to compare the relationship of AP-2 and otoferlin with the position of ribbons, respectively of otoferlin with AP-2, coimmunolabeling in cochlear whole-mount preparations was performed in adult mice. RIBEYE/CtBP2, a component of synaptic ribbons, was coimmunolabeled with either AP-2 (Fig. 3A) or otoferlin (Fig. 3B ) and these profiles were compared with the protein distribution of AP-2 and otoferlin. The ribbon marker CtBP2 is exclusively expressed at the IHC base (Fig. 3 A, B, red) , whereas AP-2 (Fig. 3A , green) and otoferlin (Fig. 3B, green) are distributed over the entire IHC cell body. The strong overlapping colabeling of otoferlin (red) and AP-2 (green) in the apical but also in the basal pole of IHCs (Fig. 3C ) significantly differed from colabeling of AP-2 and CtBP2 (Fig. 3A1,A2 ) or otoferlin and CtBP2 (Fig. 3B1,B2 ). Taking into account the theoretical resolution of our microscope system in the horizontal plane (211 nm for Cy3 and 192 nm for Alexa 488 (Zampini et al., 2010) and 46% overlap as a criterion for colocalization due to spread of diffraction (for review, see Zampini et al., 2010) , only a minor number Figure 1 . AC-MS screen of otoferlin-associated proteins in rat and mouse cochlea. A, Illustration of the AP-MS workflow starting with collection of rat/mouse cochleae (1), membrane preparation (2) and solubilization (3), affinity purification (4), tryptic digest (5), LC-MS/MS analysis (6), and integration of m/z signals over time (PVs; 7) for quantitative evaluation; red color indicates the presence of otoferlin. B, Western blot resolving aliquots of rat and mouse cochlea membrane, soluble (S) and nonsoluble (P) fractions obtained with the indicated detergent buffers during solubilization, as well as unbound proteins (U) and eluates after AC with immobilized anti-otoferlin (E) and control IgG (C), respectively. Ten percent SDS-PAGE transferred to PVDF membrane, stained with anti-otoferlin/anti-rabbit-horseradish peroxidase and developed with ECLϩ; the band corresponding to otoferlin is marked by an arrow. C, Proteins specifically affinity-captured from both rat (solubilized with CL-48; y-axis) and mouse (solubilized with CL-99; x-axis) cochlea, plotted by their relative abundance (rPV) in the respective purification with anti-otoferlin versus IgG control (for calculation of rPV values see Materials and Methods); rPV values Ͼ10 indicate specific (co)-enrichment with otoferlin; dots represent individual proteins, subunits of the AP-2 complex are highlighted in red. D, E, RT-PCR analysis of AP-2. RT-PCR analysis of RNA samples from mature (P20) rat cochlea (D) and mature (P26) mouse IHCs (E). All four AP-2 subunits, Ap2a2, Ap2b1, Ap2m1, and Ap2s1, were found in the cochlea (D); in isolated IHCs, the two largest subunits Ap2a2, Ap2b1, were detected (E). Primer pairs each spanned at least one intron to distinguish between RNA and DNA signals. For more information see Materials and Methods. Columns (left to right): database entry, protein name, purification specificity by the respective protein ratio (rPV, see Materials and Methods), identification by the number of database-matched MS/MS spectra and estimated molecular abundance based on the abundance norm score (calculated as the sum of PVs divided by the number of MS-accessible amino acids of the respective protein; Müller et al., 2010). Proteins with specificity ratios Ͼ10 (bold) were displayed in Fig. 1C . Figure 2 . AP-2 protein expression in mature, immature, and hypothyroid rat cochlear IHCs. A, Otoferlin (red) and AP-2 (green) expression in mature (P19) mouse IHCs. AP-2 expression was found ubiquitously throughout the cytosol, whereas strong labeling of otoferlin was found predominantly at the supranuclear level (merge, closed arrow) and to a much lesser (Figure legend continues.) of ribbons fulfills the criteria of overlap for both otoferlin/CtBP2 and AP-2/CtBP2 as shown in two examples (Fig. 3A1,A2,B1,B2 ). This underlines a close positional overlap of otoferlin with AP-2 (Fig. 3C) , and partial overlap of these proteins with CtBP2. The interaction of otoferlin with AP-2 complex subunits in brain (Fig. 4A ) and cochlear tissue (Fig. 4B ) was confirmed using analytical co-IPs with a polyclonal rabbit anti-otoferlin antibody and a monoclonal mouse anti-␣-adaptin antibody. In Western blot analysis, both antibodies detected otoferlin (Fig. 4A, lane 1 kDa double band in rat brain and cochlear protein lysates, corresponding to the AP-2 complex subunits ␣-1 and ␣-2, also known as ␣-adaptin A and ␣-adaptin C (Robinson, 1987 (Robinson, , 1989 Ball et al., 1995) .
Incubation of brain lysate with immobilized anti-AP-2 antibody resulted in co-IP of otoferlin (Fig. 4A, lane 2, co-IP) . In reciprocal co-IP experiments using anti-otoferlin antibody, AP-2 polypeptides were found in both brain and cochlear lysates (Fig.  4A , lane 4, co-IP, B, lane 3, co-IP). These results corroborate the association of otoferlin with the AP-2 protein complex in cochlear tissue as well as mature brain, and suggest a more general role of otoferlin in CME. CME has been shown to involve assembly of AP-2 with myosin VI (Collaco et al., 2010) . Moreover, otoferlin was also shown to interact with myosin VI in IHCs (Heidrych et al., 2009) . Consistent with these observations, MYO6 was found specifically coenriched in the otoferlin AC under higher stringency conditions (Fig. 1B , mouse CL-99; data not shown). Finally, analytical co-IP from rat cochlear lysates using the anti-AP-2 antibody showed coprecipitation with myosin VI (doublet band at 150 kDa; Fig.  4C , lane 3, co-IP) in accordance with a previously described doublet at ϳ150 kDa (Breckler et al., 2000) . We cannot exclude that the lower band detected by the myosin VI antibody in the input is a cleavage product of myosin VI. This suggested that otoferlin, AP-2, and myosin VI might be part of a larger protein complex.
To further characterize interaction of AP-2 and myosin VI in cochlear IHCs, we performed immunohistological staining in cochlear whole-mount preparations of adult mice (Fig. 5 ) using anti-AP-2 and anti-myosin VI antibodies along with highresolution deconvolution fluorescence microscopy. Labeling for myosin VI (Fig. 5A, red) and AP-2 (Fig. 5A, green) and their colocalization (Fig. 5A, merge) in IHCs were shown in a cochlear whole-mount preparation of an adult mouse (P19). Higher mag- D) and show the relative pixel intensity along the line in regards to the distance and fluorescence wave length (red, Cy3; green, Alexa 488). Colocalization was analyzed by coinciding of maxima of the red and green channel by PCC. H, Otoferlin (red) and AP-2 (green) expression in immature (P5) mouse IHCs. Otoferlin and AP-2 were found to be much less expressed in immature IHCs. I-K, AP-2 is not expressed in P19 hypothyroid rat cochlear IHCs (I, J, hypo). Expression of CtBP2 is not changed under hypothyroidism (J). Lack of staining by omitting the primary AP-2 antibody demonstrated specificity of the antibody (Fig. 2K) . Cell nuclei were counterstained with DAPI. Scale bars: (in A-I, K) 10 m; (in J) 10 m. nification revealed that AP-2 and myosin VI were colocalized all over the IHC cytoplasm (Fig. 5B) . This almost complete overlap is displayed by driving the intensity profile as described above, when cutting horizontal lines through the IHC region above the nucleus (Fig. 5 B, E ; PCC ϭ 0.535) and at the base (Fig. 5C,F ; PCC ϭ 0.824). The greatly overlapping intensity maxima display colocalization, which was found throughout the cytoplasm. The similar amount of colocalization in the apex and base of the IHC is also displayed on a vertical cut (Fig. 5 D, G ; PCC ϭ 0.641). In summary, these findings indicate a large colocalization of otoferlin with AP-2 as well as myosin VI and AP-2 in all analyzed IHC regions.
The possible involvement of clathrin-dependent endocytosis in IHCs was tested in IHCs by superfusing the drug dynasore, a noncompetitive inhibitor of dynamin GTPase activity, which triggers the fission of clathrin-coated pits via AP-2 (Macia et al., 2006; Linden, 2012) and blocks all forms of compensatory synaptic vesicle endocytosis (Newton et al., 2006) . We tested whether vesicle release from either the RRP or SRP of immature and mature IHCs was limited by the relative pool refilling rates measuring ⌬C m using repetitive stimulation (Johnson et al., 2008) , which provides an indirect measurement for endocytosis. Figure  6 , A and B, show examples of ⌬C m in mature IHCs in response to trains of 50 ms or 1 s steps to Ϫ11 mV, which are used to investigate the depletion of the RRP and SRP, respectively. Following repeated 50 ms steps, the cumulative ⌬C m showed a near linear increase in both control and in the presence of dynasore (Fig. 6C) , indicating that the RRP is able to replenish following each step as also evident from the individual ⌬C m (Fig. 6E) . Following longlasting (1 s) voltage steps, the cumulative ⌬C m for the SRP showed saturation that was significantly ( p Ͻ 0.0001) more pronounced in the presence of dynasore than in control condition (Fig. 6D) . The larger depletion of the SRP in IHCs in the presence of dynasore, compared with control cells, was also evident from the individual ⌬C m (Fig. 6F ). When ⌬C m following 50 ms or 1 s steps to Ϫ11 mV was investigated in immature P4 to P7 IHCs, the cumulative ⌬C m in the absence or presence of dynasore were not different, shown for individual ⌬C m (Fig. 6G,H ) or for cumulative ⌬C m for the SRP (Fig. 6D, inset) . These results indicate that synaptic vesicle refilling of the SRP in adult, but not immature IHCs, was significantly reduced by dynasore.
Discussion
Otoferlin, a calcium sensor for synaptic vesicle release at hair cell ribbon synapses (Yasunaga et al., 2000; Roux et al., 2006; Ramakrishnan et al., 2009) , is responsible for auditory neuropathy/ dyssynchrony (Varga et al., 2003) . In addition to being involved in exocytosis, we found that in mature IHCs, otoferlin interacts with AP-2, a protein complex essential for endocytic clathrincoated pit and coated-vesicle formation (Keyel et al., 2008; Rappoport, 2008; Boucrot et al., 2010) . Moreover, we demonstrated that sustained exocytosis (SRP) is inhibited by the CME blocker dynasore. In IHCs, AP-2 also colocalizes and interacts with myosin VI, which also binds to clathrin-coated pits and is essential for CME (Puri, 2009; Yu et al., 2009 ). These findings indicate that otoferlin, by coupling exocytosis and endocytosis, could provide the basis for the indefatigable sustained exocytosis of adult IHCs (von Gersdorff and Matthews, 1994) .
MS analysis from mature (ϾP25) cochleae revealed that otoferlin is able to bind AP-2 subunits. The AP-2 adaptor complex is connected to clathrin-coated vesicles budding from the plasma membrane and consists of four distinct subunits: two subunits with the Mr of ϳ100 kDa (␣-and ␤-subunit, also known as ␣-and ␤-adaptin), one with the Mr of ϳ50 kDa (-subunit), and a small one with the Mr ϳ17 kDa (-subunit). Two isoforms of ␣-adaptin (Ap2a1 and Ap2a2) encoded by two different genes have been described in mammalian cells. Whereas , confirm the expression of otoferlin with the estimated size of ϳ230 kDa and the expression of AP-2 with the estimated size of ϳ105 and ϳ112 kDa in the brain lysate, respectively (input). Lane 2, Otoferlin was coimmunoprecipitated from brain lysate by the AP-2-specific antibody. Lane 4, The otoferlin-specific antibody coimmunoprecipitated AP-2. B, Cochlear lysate. Lanes 1 and 2 (input), confirm the expression of otoferlin with the estimated size of ϳ230 and ϳ240 kDa (Schug et al., 2006) and the expression of AP-2withtheestimatedsizeofϳ105andϳ112kDa(Balletal.,1995) inthecochlearlysate,respectively. Lane 3, AP-2 was coimmunoprecipitated from cochlear lysate by the otoferlin-specific antibody. C, Cochlear lysate. Lanes 1 and 2 (input), Show the expression of AP-2 with an estimated size of ϳ112 kDa and myosin VI with an estimated size of ϳ150 kDa in the cochlear lysate, respectively. Lane 3, Myosin VI was coimmunoprecipitated from cochlear lysate by the AP-2-specific antibody.
␣-adaptins are implicated in protein-protein interactions, the current consensus is that the ␤-subunit (Ap2b1) plays a major role in clathrin binding, while the -subunit (Ap2m1) is involved in receptor binding and signal recognition (for reviews see, Hirst and Robinson, 1998; Pearse et al., 2000) . We provided evidence that Ap2a2, Ap2b1, Ap2m1, and Ap2s1 together interact with otoferlin. This was confirmed by RT-PCR showing that Ap2a2 and Ap2b1 are expressed in mature IHCs. Our MS analysis agrees with previous findings showing that while Ap2a2 is ubiquitously expressed, Ap2a1 is limited to neuronal tissues (Robinson, 1987 (Robinson, , 1989 .
In adult IHCs, otoferlin and AP-2 colocalize. Otoferlin and AP-2 are close to CtBP2 and the expression level of both otoferlin and AP-2 is upregulated with cochlear maturation. Increased expression of otoferlin in IHCs during maturation, confirming previous findings (Roux et al., 2006; Beurg et al., 2010) , has been linked to an improved Ca 2ϩ -dependent resupply of vesicles observed after the onset of hearing (Levic et al., 2011) . The resupply of vesicles is limited by the RRP or SRP refilling rates that can be determined by measuring ⌬C m following repetitive stimulation protocols as a measure for the endocytosis capacity (Johnson et al., 2008) . We show a significant reduction in sustained exocytosis when the CME blocker dynasore was used in adult IHCs, but not in immature cells. Dynasore has been shown to block all types of CME in rodent hippocampal neurons (Macia et al., 2006; Newton et al., 2006) . This, together with the upregulation of AP-2 and otoferlin over development, suggests that the coupling between otoferlin and CME is likely to be a special property of IHCs around the onset of hearing. This hypothesis was further confirmed by the fact that in adult rats raised under hypothyroid conditions, IHCs resemble an immature state, retaining low expression levels of otoferlin and AP-2 throughout their life, sustained exocytosis was impaired . In the "immature" condition of hypothyroid animals, the efficient recruitment of vesicles from the larger SRP could be uncoupled from the Ca 2ϩ -dependent otoferlin-mediated vesicle resupply. Indeed, a more efficient Ca 2ϩ -dependent refilling of vesicles from internalized membrane in the apical IHC region was observed in mature IHCs (Griesinger et al., 2002 (Griesinger et al., , 2005 . This Ca 2ϩ -dependent improvement of vesicle refilling might be the basis of the approved Ca 2ϩ sensitivity of vesicle replenishment, which occurs with IHC maturation (Levic et al., 2011) .
The additional interaction of otoferlin with myosin VI, which is involved in CME (Puri, 2009), further supports an involvement of the otoferlin-AP-2-myosin VI complex in endocytosis at the basal part and membrane internalization at the apical part of IHCs (Griesinger et al., 2002 (Griesinger et al., , 2005 . This agrees with previous observations showing that coated vesicles were found both at the synaptic region (IHC basal pole) and in all components of the Golgi complex located toward the apical pole of mature IHCs (Siegel and Brownell, 1986) . Ca 2ϩ -dependent vesicle replenishment was described in hair cells (Moser and Beutner, 2000; Spassova et al., 2004; Cho et al., 2011; Graydon et al., 2011) and occurs with a timescale of ϳ15-20 s (Beutner et al., 2001; Griesinger et al., 2005) . This was previously assumed to be too rapid to be achieved by a CME process that was thought to operate on a timescale of minutes (Heuser and Reese, 1973; Henkel and Almers, 1996; Granseth et al., 2006) . However, this view has recently changed with an increasing number of studies showing that CME can occur within seconds rather than minutes, shown for retinal and chromaffin cells ( Syt1, a major Ca 2ϩ sensor for vesicle fusion at conventional synapses (Südhof, 2002) , also seems to couple both endocytosis and exocytosis (Yao et al., 2012a) , and in IHCs seems to be only expressed in immature IHCs (Beurg et al., 2010; Johnson et al., 2010) . Similar to otoferlin in the mature IHC (Pangršič et al., 2010) , Syt1 has been suggested to affect RRP recovery but not its release (Beurg et al., 2010) . The deaf pachanga mouse (Otof Pga/Pga ; Schwander et al., 2007 ) is a mouse model of human deafness DFNB9, which carries an Otof missense mutation and causes a reduction in otoferlin protein levels in IHCs and a change in otoferlin's secondary structure. While the impaired replenishment of vesicles in the pachanga mouse was discussed to be the result of a presumptive "failure of proper priming of vesicles" for the replenishment of the RRP (Pangršič et al., 2010) , a function of otoferlin in clearing exocytotic material from the release toward the perisynaptic sites of endocytosis was not excluded in the same study. It was stated that the reduced sustained exocytosis and smaller fast flush response observed in Otof Pga/Pga IHCs might also result from a major contribution of a slowly releasable pool of vesicles to sustained exocytosis (Pangršič et al., 2010) . This model suggests that there is impaired clearance of excessive vesicle membrane from the release sites in synaptotagmin mutant mice, rather than from a defect in vesicle fusion (Hosoi et al., 2009) . The C2B domain of Syt1 was shown to bind the -subunit of AP-2 (Chapman et al., 1998; Haucke et al., 2000; Poskanzer et al., 2006) , thereby indicating Ca 2ϩ dependence of vesicle fission during the CME process (Yao et al., 2012b) . However, our findings imply that a CME mechanism is unlikely to be present in immature IHCs. The predominant expression of otoferlin in the plasma membrane of IHCs (Schug et al., 2006; Heidrych et al., 2008 Heidrych et al., , 2009 , together with its ability to interact with Ca 2ϩ channels (Ramakrishnan et al., 2009) , to bind to AP-2 and myosin VI, and the possible presence of a CME mechanism inhibited by dynasore in mature IHCs, indicate that otoferlin likely functions to induce retrieval of vesicles from the plasma membrane, as well as to support vesicle fusion. The observation that in the brain (Roux et al., 2006; Schug et al., 2006) , otoferlin can also interact with AP-2 (present study) suggests a more ubiquitous role for otoferlin in Ca 2ϩ -dependent membrane vesicle retrieval, since ϳ90% of all clathrin-coated vesicles in neurons are involved in synaptic vesicle retrieval (Girard et al., 2005) . So far, no members of the adaptin family have been linked to hearing deficits. However, in 20 Palestinian children with prelingual nonsyndromic hearing loss, five genomic regions were identified that may harbor novel genes for human hearing loss (Shahin et al., 2010) . One of these genomic regions is localized to 17p12-q11.2 (DFNB85), the approximate position where the AP-2-␤ (CLAPB1) large subunit has been mapped (17q11.2-q12), indicating a possible link between adaptin proteins and hearing loss.
